New, direct evidence is reported for the simultaneous occurrence of Ostwald ripening and short-distance cluster mobility daring annealing of discontir uous metal films on clean amorphous substrates. The anneling characreristi of very thin particulate deposits of silver on amorphized clean surfaces of single crystalline thin graphite substrates have been studied by in-situ transmission electron microscopy (TEM) under controlled environmental conditions (residual gas pressure of 10-9 torn) in the temperature range from 25 to 450°C.
It was possible to monitor all stages of the experiments (i.e., sputter cleaning of the substrate surface, metal deposition, and annealing) by TEM observation of the same specimen area.
Various techniques (e.g., pseudostereographic presentation of micrographs in different annealing stages, the observation of the annealing behavior at cast shadow edges, and measurements with an electronic image analyzing system) were employed to aid the visual perception and the analysis of changes in deposit structure recorded during annealing.
Slow Ostwald ripening was found to occur in the entire temperature range, but the overriding surface transport mechanism was short-distance cluster mobility.
'Phis was concluded from in-situ observations of individual particles during annealing and from measurements of cluster size distributions, cluster number densities, area coverages, and mean cluster diameters.
INTRODUCTION
Within the framework of studies aiming at a better understanding of the interaction mechanism of atoms with solid surfaces, the question of mobility of atom clusters on single crystalline or amorphous substrates has been addressed by several investigators1-6.
The results reported indicate that considerable discrepancies exist between the experimental findings and in the interpretations of substrate/deposit interactions at the substrate-adatom cluster interface. In early studies, G. A. Bassett ) observed the rotation O and possible translation of large clusters of silver (100 to 1000 A) on molybdenite and graphite. Sears and Hudson argued that spontaneous thermal mobility of large clusters is not a feasible explanation for Bassett's experiments. They suggest that due to the poor vacuum conditions, a film of contaminants had formed between the silver clusters and the substrate, and that th_'s film had affected, in an uncontrolled manner, the adatom-substrate bonding conditions. D. W. Bassett 3 later showed theor etically that the mobility of atom clusters should be considerably less than the mobility of single adatoms (e.g., the mobility of a nine-atom cluster should be less than 1% of the mobility of a bingle adatom). The intent of a series of systematic invest . ions, of which the present studies constitute an introductory part, is to perform annealing experiments in situ under highly controlled conditions, with improved EM resolution and specimen cleanliness in an analyzed residual gas environment, and with reduced electron beam dosages.
Amorphized single crystalline graphite films were used as substrates 0 onto which silver clusters of 14 A nean diameter were deposited.
•, 4 - The deposition process was observed on the television monitor of a TEM image intensification system 16 . The sputter treatment and deposition were performed at an identical substrate temperature, which was varied for different experiments between room temperature and 120°C. Immediately after the completion of the silver deposition, the vslues for particle number density, .mean particle diameter, and mean nearest neighbor distance were 7 x 10 12 cm-2,
O O
14 A, and 35 A, respectively. A typical example is shown in Fig. 1 (c).
The films were annealed for several fours at stepwise increasing temperatures, starting with the deposition temperature and ending at 450°C. The annealing process was usually terminated when the particle number density had decreased to about onequarter of its original value.
After an annealing experiment was completed, the silver The experimental problem of relocating precisely the selected sample specimen areas after annealing treatments for purposes of recording the micrographs was alleviated by large and easily recognizable marker particles, which were formed in the graphite film as a result of an intensive outgassing treatment (several bjurs at temperatures above 450°C) prior to the first deposition.
0
The size of these marker particles varied between 50 and 100 A, and it was established unambiguously by stereomicroscopy and ion etching PAperiments that they are located inside the graphite film and -.,ot on the surface so that the annealing characteristics of -8-silver clusters were nor inf_uenced by these marker particles.
In some annealing experiments, the number of marker particles increased during the last, high temperat re stage of annealing (Fig. 4(b) ).
This trend continued, although at a significantly lower rate of change, throughout the entire low-temperature annealing experiment. The increase of annealing temperature from 250% to 380% caused a significant broadening of the distribution curve, the appearance of a second (large particle) peak, and a significant increase in the half-width of the distribution curve d which S -11-0 had remained constant (10 A) during anneE?_ng up to 250°C. The area coverage Aida remained constant during low--temperature annealing while the particle number density n decreased slightly (30X) during the same treatment. Howe.er, both Aa/a and n decreased simultaneously for annealing at 380 and 450°C. At the end of the annealing treatment (Fig. 3(f) ), the area coverage and cluster number density have decreased to 70% and 26% of the starting values, respectively. in accordance with the principal limitations of the statistical analysis with an image analyzer, the following error limits of these results have to be considered: Fig. 4(a) ) have, within the limits of accuracy, Gaussian shape and show definitely the existence of large particles, the number of which increases with increasing annealing time and temperature. It can, therefore, be concluded that Ostwald ripening is not the only mechanism by which the observed decrease in cluster number density with annealing can be explained, although many individual events that support such a ripening mechanism have been found during our experiments.
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Cluster mobility
The combined results of t .esent observations lead to the conclusion that cluster movement plays a significant role in the low-and high-temperature annealing behavior of silver island deposits on amorphized graphite substrate films. The specific results that support a cluster mobility model can be summarized as follows:
(a) The development of large particle tails in the size distribution histograms (Fig. 4(a) ). This contradicts, for the reasons given in the preceding paragraph, an Ostwald ripening process as the only coalescence mechanism.
(b) The behavior of the area coverage function (Fig. 4(b) , Aa/a). The invariance of this function in the low-temperature annealing range, when compared to the noticeable decrease of the cluster number density function (Fig. 4(b) , n) in the same temperature range, indicates that clusters have moved together
but not yet sintered. (The surface area occupied by a sintered coalesced particle would be less than the area originally occupied by the coalescing clusters, whereas coalescence without sintering would not affect the surface coverage.) It can, therefore, be (c) The direct, visual observations of cluster movement (Fig. 7, No. 2, 4, 6, 9) . Van (e) The decrease of the cluster number density n (Fig.   4(b) ), and the corresponding slight increase of the average cluster size dm (Fig. 4(b) ) in the Zorn-temperature annealing range. This agrees with Robertson's model s that such a behavior should be expected if, in fact, the clusters move as entities. .y x 0. 
